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Titin, also referred to as connectin, is a high molecular mass (3,000 -4,000 kDa) extensible sarcomeric protein in striated muscle (57) . Its N and C termini are embedded in the Z disc and M line, respectively, in each half sarcomere (26) . The extensible region of the titin molecule, which gives rise to passive force when sarcomeres are stretched (7, 27, 63) , resides in the I band and consists of three segments: 1) the tandem immunoglobin (Ig) segment (serially linked Ig-like domains); 2) the PEVK segment (rich in proline [P] , glutamate [E] , valine [V] , and lysine [K]); and 3) the N2A and N2B unique amino acid sequence (N2A-U and N2B-U; Ref. 41 ). In cardiac muscle, the magnitude of SL-dependent changes in passive force, Ca 2ϩ sensitivity of force and lateral separation of thick and thin filaments (interfilament lattice spacing) varies with the length and phosphorylation status of these segments (24, 25, 30, 38, 39, 64) . For example, in bovine myocardium, SL-dependent changes in passive force (an increase), Ca 2ϩ sensitivity of force (an increase), and interfilament lattice spacing (a decrease) are less pronounced in atria expressing primarily the N2BA isoform, with a longer Ig segment, a PEVK segment of variable length, and both N2B-U and N2A-U segments, than in ventricles expressing 50% of N2BA isoform and 50% of N2B isoform, with a shorter Ig segment, a shorter PEVK segment, and only the N2B-U segment (24) . Phosphorylation of N2B -U segment by protein kinase A in rat skinned ventricular preparations (64) and bovine skinned left ventricular and atrial preparations (25) and by protein kinase G in human skinned ventricular preparations (39) has been reported to diminish SL-dependent changes in passive force. In contrast, protein kinase C ␣ -catalyzed phosphorylation of the PEVK segment in porcine and mouse skinned left ventricular preparations has been shown to potentiate SL-dependent changes in passive force (30) .
In the present study, we investigated the SL dependencies of force production and cross-bridge cycling kinetics in rat ventricular myocardium expressing different titin isoforms (28) . Triton X-100 permeabilized right ventricular trabeculae isolated from rat hearts expressing primarily either a shorter N2B isoform [wild type (WT)] or a giant N2BA-G isoform [homozygote (Ho)] were exposed to a range of Ca 2ϩ concentration under isometric conditions at two different SLs (2.0 or 2.35 m) to determine passive force, maximum Ca 2ϩ -activated force, Ca 2ϩ sensitivity of force production (pCa 50 ), apparent cooperativity in activation of force production (Hill coefficient, n H ), and apparent rate of force redevelopment (k tr ) following unloaded shortening and rapid restretch.
MATERIALS AND METHODS

Animals.
The WT (n ϭ 9) and Ho (n ϭ 8) rats used in the present study were generated as described previously (28) . Briefly, both the Sprague-Dawley and Fisher 344 strain were obtained from Harlan Sprague-Dawley (Indianapolis, IN). The original Sprague-Dawley rats with mutation were crossed with Fisher 344 inbreeds and subsequently crossed with Brown-Norway rats. Thus, the current rats were ϳ50% Brown-Norway rats, 25% Fisher 344 rats, and 25% SpragueDawley rats. All procedures involving animal care and handling were approved by the University of Wisconsin-Madison Animal Care and Use Committee.
Preparation of skinned trabeculae. Right ventricular trabeculae were isolated as described previously (45) . Briefly, the hearts were removed from rats (either sex; 100 -300 g) anesthetized with inhaled isoflurane and pinned down to the base of a dissecting dish filled with modified Ringer solution (in mmol/l): 120 NaCl, 19 NaHCO 3, 1.2 Na2HPO4, 1.2 MgSO4, 5 KCl, 1 CaCl2, and 10 glucose pH 7.4 at 22°C preequilibrated with 95% O2-5% CO2. After the right ventricles were cut open, the hearts were exposed to fresh Ringer solution containing 30 mM 2,3-butanedione monoxime for 30 min (2ϫ solution change). 2,3-Butanedione monoxime is thought to act as a "chemical phosphatase" (62) or as an agent with "phosphatase-like activity" (3) and has been shown to reduce the basal phosphorylation of myosin regulatory light chain in rat and mouse myocardium (11, 45, 50, 54, 56) . The right ventricular trabeculae were then dissected free, tied to sticks to hold muscle length fixed, and transferred to relaxing solution (in mmol/l: 100 KCl, 20 imidazole, 7 MgCl 2, 2 EGTA, 4 ATP, 0.5 PMSF, 0.04 leupeptin, and 0.01 E64 pH 7.0 at 4°C) containing 1% Triton X-100. After skinning overnight, the trabeculae were washed in fresh relaxing solution (ϳ1 h) and then stored at Ϫ20°C in relaxing solution containing glycerol (50:50 vol/vol). The left ventricles were cut into smaller pieces, snap frozen in liquid nitrogen, and used for protein analysis.
Experimental solutions, apparatus, and protocols. Solution compositions used for mechanical measurements were calculated using the computer program of Fabiato (14) . Both pCa 9.0 and preactivating solution contained the following (in mmol/l): 100 N,N-bis (2- On the day of an experiment, skinned trabeculae were washed in relaxing solution for 30 min before they were cut free from the sticks and their ends were trimmed. The trimmed trabeculae were then transferred to a stainless steel experimental chamber containing pCa 9.0 solution (43) . The ends of each trabecula were attached to the arms of a motor (model 312B; Aurora Scientific) and force transducer (model 403; Aurora Scientific), as described earlier (43). The chamber assembly was then placed on the stage of an inverted microscope (Olympus) fitted with a ϫ40 objective and a CCTV camera (model WV-BL600; Panasonic). The light from a halogen lamp was used to illuminate the skinned preparations. Bitmap images of the preparations were acquired using an AGP 4X/2X graphics card and associated software (ATI Technologies) and were used to assess mean SL during the course of each experiment. Changes in force and motor position were sampled (16-bit resolution, DAP5216a; Microstar Laboratories) at 2.0 kHz using SLControl software developed in this laboratory (http://www.slcontrol.com). Data were saved to computer files for later analysis.
Active force-pCa and k tr-pCa/force relationships were first established at SL of ϳ2.00 m and then at 2.35 m as described previously (45) . Briefly, the skinned trabeculae were stretched to a mean SL of ϳ2.00 m in pCa 9.0 solution. After the length and width were measured, the preparations were transferred first to preactivating solution, then to Ca 2ϩ activating solution, and finally back to pCa 9.0 solution. Once in the Ca 2ϩ -activated solution, steady-state force and the apparent rate constant of force redevelopment (ktr) were measured simultaneously using the modified multistep protocol developed by Brenner and Eisenberg (5) described in detail previously (47) and illustrated in Fig. 1 . Briefly, after force reached a steady level in activating solution (pCa 6.0 -4.5), the length of the preparation was rapidly reduced by ϳ20%, held for ϳ20 ms, and then restretched back to its original length. As a result of restretch, there was an initial transient increase, followed by a decrease in force (seen as a spike in the force trace) and subsequent slow recovery of force nearing the initial steady-state level. The k tr reported in the present study is the rate constant of force redevelopment after the spike. The drop in force recorded in solution of pCa 9.0 was taken as passive force and was therefore subtracted from the drop in total force at each pCa to yield Ca 2ϩ -activated force (P). The protocol was repeated to establish Once active force reached a steady state in solution of pCa 4.5, muscle length was rapidly reduced by 20%. Ca 2ϩ -activated force was determined by subtracting the passive force measured at pCa 9.0 from the total force generated at pCa 4.5. After 20 ms of unloaded shortening, the preparation was restretched to its original length. The ktr is the apparent rate constant of force redevelopment after the force spike.
active force-pCa and ktr-pCa/relative active force at SL of 2.35 m only if the drop in maximum Ca 2ϩ -activated force in pCa 4.5 solution was Ͻ20%. Upon the completion of mechanical measurements, the trabeculae were cut free at the points of attachment, placed in SDS sample buffer, and stored at Ϫ80°C until subsequent protein analysis.
To determine titin isoform expression in WT and Ho myocardium, the left ventricular myocardial preparations were suspended in SDS sample buffer and electrophoresed using large format SDS agarose gels as described previously (61) . Titin isoform patterns were essentially identical in right and left ventricles from respective groups (data not shown). To determine the myosin heavy chain (MHC) isoform expression in WT and Ho myocardium, the left ventricular preparations stored in SDS samples were electrophoresed using large format gels with 3.5% acrylamide stacking and 5% resolving gel (60) . To determine myofibrillar protein composition in WT and Ho myocardium, the trabeculae from mechanical experiments stored in SDS sample buffer were electrophoresed using 10 -12.5% Tris·HCl Precast Criterion gels (Bio-Rad, Hercules, CA). The gels were silver stained using methods described previously (49) with minor modifications as follows: the gels were 1) incubated for 20 min in fixing solution containing 50% methanol and 10% acetic acid; 2) washed for 20 min (4 times ddH 2O changes) with ddH2O; 3) incubated for 1.5 min in 0.01% sodium thiosulfate solution and then rinsed four times with ddH2O; 4) incubated for 20 min in 0.09% silver nitrate solution and then rinsed four times with ddH2O; 5) incubated in developing solution containing 0.0004% sodium thiosulfate, 2% potassium carbonate, and 0.0068% formaldehyde until proteins were visible and then rinsed four times with ddH 2O; and 6) incubated for 20 min in destaining solution containing 10% methanol and 10% acetic acid, rinsed four times in ddH 2O, and finally rinsed (with slow rotation) overnight in ddH2O. The gels were then imaged using GDS-8000 (UVP BioImaging Systems).
To ensure that the differences in mechanical properties between WT and Ho trabeculae were not confounded by differential phosphorylation state of myofibrillar proteins, we separated the myofibrillar proteins from four of each WT and Ho left ventricles using 10% Tris·HCl Precast Criterion gels (Bio-Rad) and six of each WT and Ho left ventricles using large format SDS agarose gels as described above. Both types of gels were first stained with Pro-Q Diamond to detect phosphoproteins and finally with SYPRO Ruby to detect myofibrillar proteins as described in details previously (10, 51) . To avoid minor differences in protein loading between WT and Ho samples on the level of phosphorylation of myofibrillar proteins, we loaded on the same gel a range of concentrations per sample and then determined the slope of integrated optical density (IOD) vs. concentration (g) for both the phosphoproteins and proteins as described previously (10, 51) .
Data analysis. Cross-sectional areas of skinned trabeculae were calculated by assuming that the trabeculae were cylindrical and by calculations using the widths measured from video images of the mounted preparations. Each Ca 2ϩ -activated force (P) at pCa between 6.3 and 5.4 was expressed as a fraction of the maximum Ca 2ϩ -activated force (Po) developed by the same preparations at pCa 4.5, i.e., P/Po. To determine the Ca 2ϩ sensitivity of isometric force (pCa50), force-pCa data were fitted with the Hill equation:
where n is the slope (Hill coefficient), and k is the Ca 2ϩ concentration for half-maximal activation (pCa50). The ktr was determined by linear transformation of the half-time of force recovery [ktr ϭ Ϫln 0.5 ϫ (t1/2) Ϫ1 ], as described previously (47) . All data are presented as means Ϯ SE. Statistical analysis of the data was done using either paired or unpaired t-tests. P values Ͻ0.05 were taken as indicating significant differences. Figure 2 shows a typical SDS-PAGE analysis of rat ventricular tissue for expression profile of titin isoforms (A), MHC isoforms (B), and other myofibrillar proteins (C). It is apparent from Fig. 2A that the WT ventricles express a predominantly fast migrating N2B isoform whereas Ho ventricles express a predominantly slow N2BA-G isoform, an observation consistent with a previous study (28) . The estimated molecular mass for N2B and N2BA-G isoform was 2,970 and 3,830 kDa, respectively (28) . The estimated molecular mass for N2B was similar to that reported for the N2B isoform expressed in rat (44) and mouse (40) ventricles, whereas that for the N2BA-G isoform was significantly higher than that reported for N2BA isoform expressed in bovine, porcine, and human heart (7, 24) . The expression of MHC isoforms (Fig. 2B ) was similar in WT (68 Ϯ 4% ␣-MHC and 32 Ϯ 4% ␤-MHC) and in Ho (59 Ϯ 4% ␣-MHC and 41 Ϯ 4% ␤-MHC) ventricles. SDS-PAGE analysis of WT and Ho trabeculae did not reveal any detectable differences in the expression of either ventricular myosin light chains (i.e., MLC-1 and MLC-2) or thin filament regulatory proteins (i.e., TnT, Tm, and TnI; Fig. 2C ). A: left ventricles (4 each) from WT and Ho rats were analyzed for titin isoforms. WT ventricles expressed predominantly a shorter N2B isoform whereas the Ho ventricles expressed predominantly a giant N2BA-G isoform. T2 is the degradation product of titin. B: WT ventricles expressed 68 Ϯ 4% ␣-and 32 Ϯ 4% ␤-myosin heavy chain (MHC) and the Ho ventricles expressed 59 Ϯ 4% ␣-and 41 Ϯ 4% ␤-MHC. C: no major differences were visible in expression profile of other myofibrillar proteins between WT and Ho ventricles. C-Pro, myosin binding protein-C; TnT, cardiac troponin T; ␣-Tm, ␣-tropomyosin; TnI, cardiac troponin I; MLC-1, ventricular myosin light chain 1; MLC-2, ventricular myosin light chain 2. Protein loading was not homogenous between lanes.
RESULTS
Myofibrillar protein profile of WT and Ho rat myocardium.
Phosphorylation state of myofibrillar proteins. Figure 3A shows a typical example of phosphoproteins (left) and proteins (right) in WT and Ho samples stained with Pro-Q Diamond and SYPRO ruby, respectively. In both WT and Ho samples, several myofibrillar proteins were found to exist in basally phosphorylated state. Specifically, the prominent phosphoproteins detected by Pro-Q Diamond staining included: myosin binding protein C (MyBP-C), troponin T (TnT), and troponin I (TnI). Figure 3B shows the slope of phosphoproteins (left) and proteins (middle), determined by plotting the IOD vs. concentration of WT and Ho samples, and the ratio of the slope of phosphoprotein:protein (right). The values of the slope of phosphorylated MyBP-C, TnT, and TnI and the ratio of phosphorylated protein slope:total protein slope were slightly higher in WT than Ho samples, but the difference was not statistically significant. Figure 3C shows a typical example of titin isoforms expressed in WT and Ho ventricles and stained with Pro-Q Diamond (left) and SYPRO Ruby (right). Figure  3D shows the slope of phosphorylated titin isoforms (left) and total protein (middle), determined by plotting the IOD vs. concentration of WT and Ho samples, and the ratio of phosphorylated titin isoform:total protein (right). To account for the difference in molecular mass between N2BA-G (3.83 MDa) and N2B (2.97 MDa), a factor of 1.29 was incorporated in determining the slopes of both phosphorylated and total protein for Ho samples. We found that the values of both the slope of phosphorylated (left) and total protein (middle) for N2BA-G titin isoform expressed by Ho myocardium were higher than N2B titin isoform expressed by WT myocardium, whereas the ratio of phosphorylated:total protein (bottom) was similar for N2BA-G and N2B. Thus we believe that under our experimental conditions, such a small difference in the degree of phos- phorylation of myofibrillar proteins between WT and Ho myocardium is unlikely to have profound effect on the mechanical parameters measured in the present study.
SL-dependent changes in passive and maximum Ca 2ϩ -activated force. Passive forces in skinned right ventricular trabeculae isolated from WT and Ho rat hearts were measured at SL 2.0 and 2.35 m in a solution of pCa 9.0. At SL 2.0 m, passive force was significantly lower in Ho than WT trabeculae (Table 1) . Upon stretching the trabeculae from SL 2.0 to 2.35 m, passive force increased from 1.95 Ϯ 0.25 to 22.64 Ϯ 2.74 mN/mm 2 in WT trabeculae and from 1.23 Ϯ 0.11 to 3.68 Ϯ 0.28 mN/mm 2 in Ho trabeculae (Table 1 ). Statistical analysis indicated that the passive force at SL 2.35 m was also significantly lower in Ho than in WT trabeculae. The magnitude (i.e., difference in passive force at 2.0 and 2.35 m) of SL-dependent changes in passive force was WT Ͼ Ho trabeculae (Fig. 4B) .
Maximum Ca 2ϩ -activated force generated by WT and Ho skinned right ventricular trabeculae in solution of pCa 4.5 was measured at SL 2.0 and 2.35 m. At SL 2.0 m, the maximum Ca 2ϩ -activated force generated by Ho was determined to be significantly lower than WT trabeculae ( (Fig. 4C) .
SL-dependent changes in apparent cooperativity in activation of force and Ca
2ϩ sensitivity of force. At SL 2.0 and 2.35 m, the force-pCa relationships in WT (Fig. 5A) and Ho (Fig. 5B) trabeculae were sigmoidal and were fit to the Hill equation described in METHODS AND MATERIALS to yield the (Table 1 and Fig. 5, A and B, inset) . Statistical analysis of the data indicated that the values of pCa 50 , but not n H , determined in Ho were significantly lower than those determined in WT trabeculae at SL 2.35 m. The magnitude (i.e., differences in n H and pCa 50 at SL 2.0 and 2.35 m) of SL-dependent changes in apparent cooperativity in activation of force was WT (0.40 Ϯ 0.07 U) Ͼ Ho (0.14 Ϯ 0.06 U; Fig. 5C ) and in Ca 2ϩ sensitivity of force was WT (0.12 Ϯ 0.01 pCa U) Ͼ Ho (0.05 Ϯ 0.01 pCa U) trabeculae (Fig. 5D) . ] free , Ho trabeculae redeveloped forces also at slower rates than WT trabeculae, and thus depressed the k tr -pCa relationship at short (Fig. 6A) and long (Fig. 6B ) SL. A similar trend was observed when k tr values were replotted against steady-state isometric force (as a function of maximum force; Fig. 6, C and D) . However, when k tr values recorded in Ho trabeculae were replotted against steady-state force expressed as a fraction of maximum force recorded in WT trabeculae (dashed line), the k tr -force relationship in Ho trabeculae was found to be similar to WT trabeculae, suggesting that the right shift in the relationship was because the maximum force generated by Ho trabeculae was ϳ35% less than WT trabeculae and that Ho trabeculae most likely redevelop forces at similar rates as WT trabeculae. Figure 7 shows the k tr -pCa (A and B) and k tr -relative force (C and D) relationships established first at SL 2.0 and then at 2.35 m in WT and Ho trabeculae. While the k tr -pCa relationships established at SL 2.0 m were indistinguishable from those established at 2.35 m in both types of trabeculae, the k trrelative force relationships established at SL 2.35 m lie to the right of those established at SL 2.0 m in both types of trabeculae. That is, the WT and Ho trabeculae redeveloped submaximal and maximal forces at a slower rate at SL 2.35 than 2.0 m. Thus WT and Ho trabeculae exhibited a SLdependent decrease in apparent rate of force redevelopment.
SL-dependent changes in rate of force redevelopment (k tr ).
DISCUSSION
In the present study, we used rat skinned ventricular trabeculae expressing either a smaller N2B isoform (2,970 kDa; WT) or a giant N2BA-G isoform (3,830 kDa; Ho) to examine the effects of titin isoforms on SL-dependent changes in both the steady-state and dynamic contractile properties. The main findings of this study are as follows: 1) at both short (2.0 m) and long (2.35 m) SL, the values of passive force, maximum Ca 2ϩ -activated force, and rates of force redevelopment were significantly lower in Ho than WT trabeculae and 2) stretching the skinned trabeculae from short (2.0 m) to long (2.35 m) SL increased i) the passive force, with the magnitude of SL-dependent changes in passive force being WT Ͼ Ho; ii) the maximum Ca 2ϩ -activated force, with the magnitude of SLdependent changes in maximum Ca 2ϩ -activated force being WT Ͼ Ho; and iii) Ca 2ϩ sensitivity of force, with the magnitude of SL-dependent changes in Ca 2ϩ sensitivity of force being WT Ͼ Ho; and decreased i) the apparent cooperativity in activation of force, with the magnitude of SL-dependent changes in apparent cooperativity in activation of force being WT Ͼ Ho; and ii) the rate of force redevelopment. While an earlier study (24) used skinned bovine atrial preparations expressing a larger N2BA and ventricular preparations expressing both a smaller N2B and a larger N2BA isoforms to examine the effects of titin isoforms on SL-dependent changes in steady-state contractile properties (24) , the work reported here allowed a within species (rat) and tissue (ventricle) comparison of the role of titin isoforms where the expression of other contractile protein isoforms appear to be constant.
Effects of titin isoforms on passive and maximum Ca 2ϩ -activated force. Compared to WT trabeculae expressing predominantly a short N2B isoform, passive force was reduced by ϳ35% at short SL and 85% at long SL in Ho trabeculae expressing predominantly a giant N2BA-G isoform. These Fig. 5 . SL-dependent changes in apparent cooperativity in force generation (nH) and Ca 2ϩ sensitivity of force (pCa50) in WT and Ho rat skinned right ventricular trabeculae. Force-pCa relationships of WT (A; n ϭ 13) and Ho (B; n ϭ 11) rat skinned right ventricular trabeculae were determined first at short SL (2.00 m; ) and then at long SL (2.35 m; OE). Solid lines were generated using the Hill equation described in METHODS AND MATERIALS. Fitted values for nH and pCa50 for WT trabeculae were 2.94 and pCa 5.69, respectively, at short SL and 2.59 and pCa 5.81, respectively, at long SL and for Ho trabeculae were 2.86 and pCa 5.67, respectively, at short SL and 2.73 and pCa 5.72, respectively, at long SL. Inset: pCa50 values determined at short (black bars) and long (white bars) SL. Magnitude of SL-dependent changes in nH (C) and pCa50 (D) was determined by subtracting values recorded at short from those recorded at long SL. Data points are the means Ϯ SE.
# Significantly different from values determined in WT trabeculae.
results are consistent with those of Wu et al. (63) , who found passive force to be higher in mouse ventricular preparations, expressing predominantly the N2B isoform; lower in bovine atrial preparation, expressing predominantly the N2BA isoform; and intermediate in bovine ventricular preparations, expressing both N2B and N2BA isoforms.
In cardiac muscle, passive force is generated as a result of sequential extension of Ig, PEVK, and N2B unique segments (spring element) in the I band. At any given physiological SL (1.8 -2.4 m), the amount of passive force generated will depend on the degree of extension of the spring element (53) . Because of the larger size of the spring element in N2BA than N2B (18) , at any given SL, one would anticipate the degree of extension of the spring element to be smaller in myocardial preparations expressing more N2BA than N2B isoform. As a consequence, the passive force generated by myocardial preparations expressing either predominantly N2BA isoform (bovine atrial preparations and Ho trabeculae) or both N2B and N2BA isoforms (bovine ventricular preparations) will be lower than preparations expressing predominantly N2B isoform (mouse ventricular preparations and WT trabeculae). Although the greater reduction in passive force at long SL in Ho than bovine atrial preparations predicts the presence of a larger spring element in N2BA-G than in the N2BA isoform (or additional length due to insertion of more Ig domains by alternative splicing), confirmatory experiments dealing with sequence analysis have yet to be performed.
Near total replacement of a short N2B isoform with a giant N2BA-G isoform reduced the maximum Ca 2ϩ -activated force by ϳ35% at both SLs (Table 1) . A similar reduction in maximum Ca 2ϩ -activated force was apparent in bovine atrial preparations expressing a long N2BA isoform in an earlier study (24) , although the authors did not comment on the difference in maximum Ca 2ϩ -activated force between bovine atrial and ventricular preparations expressing both the N2B and N2BA isoforms. It is tempting to speculate that the size and incomplete straightening of both N2BA and N2BA-G restrict access of myosin binding sites on actin, hence reducing the maximum Ca 2ϩ -activated force. Effects of titin isoforms on SL-dependent changes in passive and active force. Both the WT and Ho trabeculae exhibited SL-dependent increases in passive force, maximum Ca 2ϩ -activated force, and Ca 2ϩ sensitivity of force, confirming earlier observations in rat ventricular trabeculae and myocytes (16, 36, 42) , mouse ventricular myocytes (6, 9, 13, 37), bovine atrial strips (24) , bovine and porcine ventricular strips (13, 24, 52) , and human ventricular myocytes (13, 55) . However, the effects of stretching WT and Ho trabeculae from a short to long length on passive force, maximum Ca 2ϩ -activated force, and Ca 2ϩ sensitivity of force differed quantitatively. That is, the magnitudes of the SL-dependent increase in passive force (ϳ21 and ϳ3 mN/mm 2 ), maximum Ca 2ϩ -activated force (ϳ9 and ϳ6 mN/mm 2 ) and Ca 2ϩ sensitivity of force (ϳ0.12 and ϳ0.05 pCa U) were larger in WT and smaller in Ho trabeculae. Based on previous studies showing a larger increase in the magnitude of SL-dependent increase in passive force in myocardium expressing a short N2B titin isoform (22, 23, 35) than myocardium expressing a long N2BA titin isoform (24) , it is reasonable to conclude that the differences in the magnitude of SL-dependent changes in passive force between WT and Ho trabeculae reported here occurred because WT trabeculae were expressing predominantly the short N2B titin isoform whereas Ho trabeculae were expressing predominantly the giant N2BA-G titin isoform (Fig. 2A) . The similarity between the magnitude of SL-dependent changes in passive force (WT Ͼ Ho) and both the maximum Ca 2ϩ -activated force and Ca 2ϩ sensitivity of force (WT Ͼ Ho) reported here and the linear correlation between the magnitude of SL-dependent increase in passive force and both the maximum Ca 2ϩ -activated force and Ca 2ϩ sensitivity of force reported previously (9, 23, 24, 48) suggests that the differences in the magnitude of SL-dependent changes in maximum Ca 2ϩ -activated force and Ca 2ϩ sensitivity of force between WT and Ho trabeculae may also be due to differential expression of titin isoforms. A striking difference between earlier studies in rat (12, 16, 35, 36) , mouse (13, 40), porcine (13) , bovine (24) , and human (13, 55) ventricular muscles and the present study is the effect of SL on n H , an index of apparent cooperativity in the activation of force. While earlier studies reported no significant SL-dependent decreases in n H , we observed a significant SL-dependent decrease in n H in WT (ϳ0.41 U) and Ho (0.14 U) trabeculae. The similarity between the order of SL-dependent increase in passive force (WT Ͼ Ho) and SL-dependent decrease in n H (WT Ͼ Ho) suggests that the decrease in n H may also be modified by titin isoforms.
Effects of titin isoforms on SL-dependent changes in crossbridge cycling kinetics. Irrespective of SL, the rate of force redevelopment (k tr ) varied with the level of activating [Ca 2ϩ ] free (or force) in WT and Ho trabeculae, increasing as [Ca 2ϩ ] free (or force) was elevated from submaximal to maximal levels (Fig. 6 ). These Ca 2ϩ -and force-dependent changes in k tr reported are consistent with previous results from rat (45, 46) , mouse (13, 47) , bovine, porcine (13) , and human (13) myocardium. Compared with WT trabeculae, submaximal and maximal forces redeveloped at slower rates in Ho trabeculae at both SL (Fig. 6) . Thus, when k tr values were plotted against steady-state force, expressed as a fraction of maximum force, the curvilinear k tr -force relationship established in Ho trabeculae was found to be to the right of that in WT trabeculae (Fig.  6, C and D) at both SL. However, when k tr values recorded in Ho trabeculae were replotted against steady-state forces expressed as a fraction of maximum force recorded in WT trabeculae (dashed line), the k tr -force relationship in Ho trabeculae was found to be similar to WT trabeculae, suggesting that the right shift in k tr -force relationship was because of reduced number of cross bridges involved in force generation and that cross-bridge cycling kinetics is likely to be similar in both Ho and WT trabeculae. Previous studies (17) have shown that in rat hearts, a reduction in the ratio of fast ␣-MHC vs. slow ␤-MHC expression as a consequence of aging slows the rate of force redevelopment. Since the ratio of fast ␣-MHC vs. slow ␤-MHC expression was similar in Ho and WT trabeculae (Fig. 2B) , the slower rate of force redevelopment in Ho than WT trabeculae is very unlikely to be due to a reduction in fast ␣-MHC vs. slow ␤-MHC expression.
In WT and Ho trabeculae, the k tr -pCa relationships established at long SL were similar to those established at short SL (Fig. 7, A and B) . A similar observation was reported by Adhikari et al. (1) in rat myocardium and by Edes et al. (13) in mouse myocardium, both of which are known to express primarily the N2B titin isoform (40) , and human and pig myocardium, both of which are known to express a mixture of N2B and N2BA titin isoforms (24, 44) . Collectively, the results suggest that titin isoforms most likely have no significant effect on Ca 2ϩ dependence of k tr in myocardium. On the other hand, the k tr -force relationships established at long SL were to the right of those established at short SL in WT and Ho trabeculae (Fig. 7, C and D) , i.e., at equivalent forces, k tr values tended to be lower at long than short SL in WT and Ho trabeculae. Such an effect could be a manifestation of greater spread of crossbridge-induced recruitment of cross bridge at long SLs due to enhanced cross-bridge binding and the increased time required to complete this component of activation. This effect of SL on the k tr -force relationship is also similar to that reported earlier in rat trabeculae by Adhikari et al. (1) and in mice, human, and pig myocardium by Edes et al. (13) . The comparable SLdependent decrease in k tr in WT and Ho trabeculae suggests that titin isoforms are unlikely to have major impact on SL-dependent decrease in k tr .
Possible mechanisms by which SL potentiates force production in rat myocardium. For a given [Ca 2ϩ ] free , the ability of WT and Ho rat myocardium to generate more force at long SL can be explained by considering the two-state kinetic model of cross-bridge interaction proposed by Huxley (31) and modified by Brenner (4) . In this model, multiple states of the crossbridge kinetic scheme are reduced to just two states, i.e., the rate of transition of cross bridges from nonforce-generating state to force-generating state is described by f app , whereas g app describes the rate of transition of cross bridges from the force generating state back to the nonforce-generating state. Steady isometric force (P) is then equal to N ϫ F ϫ [f app /(f app ϩ g app )], where N is the number of cycling cross bridges, F is the average force per cross bridge, and k tr ϭ f app ϩ g app . Thus, for a given [Ca 2ϩ ] free , the ability of rat myocardium to generate more force at long SL could be due to an increase in N or F or f app or a some combination of the three parameters. At long SL, a reduction in lattice spacing (9, 23, 24) and an increase in myosin head orientation perpendicular to the thick filament backbone (15) will bring the myosin cross bridges closer to binding sites on actin and may thus increase N and accelerate cross-bridge cycling kinetics. The SL-induced increase in N may arise as a result of an increase in either the probability of myosin cross-bridge binding to actin or the binding affinity of , an effect that is seen when the distance between myosin and actin is reduced on stretching myocardium from short to long lengths (19) , or both. While there is no direct evidence in favor for titin isoform-dependent changes in the orientation of myosin heads perpendicular to the thick filament backbone, Fukuda et al. (24) reported that the magnitude of SL-dependent decrease in lattice spacing is significantly greater in bovine ventricle, expressing a mixture of N2B and N2BA titin isoforms, than bovine atria, expressing predominantly N2BA titin isoform. Assuming this to be true for rat myocardium and that N varies linearly with both lattice spacing and the orientation of myosin heads perpendicular to the thick filament backbone, then the order of SL-dependent increase in N of WT Ͼ Ho would predict a similar order of SL-dependent increase in Ca 2ϩ sensitivity of force as the one reported here. The greater proximity of myosin cross bridge to actin would also facilitate cooperative binding of myosin cross bridges to actin, which would be manifested as a decrease in the steepness of the force-pCa relationship. At present we have no explanation for how bringing myosin cross bridges closer to actin increases F. SL-induced predisposition of myosin cross bridges to attach to actin would predict an increase in f app . Wannenburg et al. (59) reported no significant effect of SL on rate of cross-bridge detachment in rat myocardium. Assuming this to be true, under our experimental conditions then an increase in f app would be possible only if the values of k tr were larger at long than at short SL. However, the SL-dependent decrease in k tr reported here and by Adhikari et al. (1) fails to support this idea and suggests that a decrease in rate of cross-bridge detachment or a longer time for the spread of cooperative activation (see previous paragraph) has to occur to account for a role of cross-bridge cycling kinetics in potentiating force production at long SL. Thus the SL-dependent increase in Ca 2ϩ sensitivity of force in rat myocardium is most likely to be due to some combination of an increase in N and F and a simultaneous increase in f app and a decrease in g app .
In summary, our results provides evidence in support of the idea that titin isoforms play a prominent role in modulating SL-dependent changes in Ca 2ϩ -activated force, a cellular mechanism by which the heart regulates ventricular output in response to changes in ventricular filling on a beat-to beat basis (Frank-Starling's law of the heart). The magnitude of the SL-dependent increase in Ca 2ϩ -activated force and decrease in the apparent cooperativity of activation of force was largest in ventricles expressing predominantly a short N2B isoform and smallest in ventricles expressing predominantly a giant N2BA-G isoform whereas the SL-dependent decrease in k tr was similar in both types of ventricles, suggesting that crossbridge cycling kinetics may not be the primary mechanism responsible for increasing Ca 2ϩ -activated force at long SL.
